The effects of low doses (4o to IOOO units/ml) of mouse interferon ( 
INTRODUCTION
Interferon (IF) blocks the replication of conventional cytopathic viruses by inhibiting the translation of virus-specific RNAs as well as other steps in the virus replicative cycle (Friedman, I977) . With cells chronically infected by RNA tumour viruses, IF blocks the release of infectious particles into the culture medium (Pitha et al. 1976; Friedman, I977) , or causes the great majority of the C-type particles released to be defective (Billiau et al. 1976; Pitha et al. I976; Chang & Friedman, I977; Ramoni et al. I977) . Under these circumstances and in contrast with what happens in cells infected by cytopathic viruses, the intracellular expression of virus-specific antigens is not impaired (Friedman, I977) .
Friend leukaemia cells (FLC) are mouse nucleated erythroid cell precursors which are able to differentiate in vitro when treated with various agents, including dimethyl sulphoxide (DMSO); they are chronically infected by and continuously shedding Friend leukaemia virus (FLV; Harrison, I977; Friend, I978) . When FLC are treated with IF, there is also a block in the release of the Friend virus (Swetly & Ostertag, I974; Lieberman et al. I975; Ramoni et aL I977) . Moreover, there is an increase in the number of 'enveloped A-type' virions, an accumulation of empty core (shell-like) particles and a decrease in vacuolar structures in the cytoplasm (Luftig et al. I977; Krieg et al. ~978) . As far as erythroid differen-tiation is concerned, the interactions of IF with DMSO-stimulated FLC are of a pendulum type: low doses enhance haemoglobin (Hb) production, but high doses markedly inhibit the expression of the globin genes (Rossi et aL 1977; Ciob et al. I978; Dolei et al. I978) .
In the present paper, we have examined the steady-state levels of virus-specific RNAs in untreated and in DMSO-stimulated FLC. We have also compared the effects of IF on virus RNA levels in unstimulated FLC to its effects on the production of Hb. The data confirm that IF blocks the release of extracellular virus as measured by the reverse transcriptase assay. Virus-specific RNA levels in the cytoplasm are decreased by small doses of IF. The same doses of IF, in the absence of DMSO, lead to a small but definite stimulation of Hb and globin mRNA synthesis.
METHODS
Cells. Friend leukaemia cells, clone 745A, obtained from Dr C. Friend (New York, N.Y.) , were grown in Eagle's minimum essential medium (Flow, Irvine, Scotland) supplemented with IO% foetal calf serum (Flow). The cells were routinely seeded at lo5/ml in 250 ml flasks or in 60 mm Petri dishes from Falcon Plastic and kept at 37 °C in a humidified 5 % CO2 atmosphere with or without added 1"5 % DMSO (v/v) . IF at the required close was added at the time of cell seeding. Cells were counted daily with a haemocytometer; their viability, assessed by trypan blue exclusion, was never below 9o %. Percentages of Hbproducing cells were determined by the wet benzidine staining method of Orkin et al. (1975) .
Interferon. Mouse IF was prepared by infecting mouse L929 or C24a (a Moloney sarcoma virus transformed cell line) fibroblasts with 1 to Io HAU/Io 6 cells of Newcastle disease virus. The virus was removed after 1 h of adsorption and the monolayers were washed with PBS and incubated with medium containing 3 % foetal calf serum for 18 h. Clarified supernates were brought to pH 2.o with HC1, kept at 4 °C for 5 days, neutralized to pH 7"o and stored at -80 °C. Partial purification by ammonium sulphate precipitation (Tovey et al. I974) and/or chromatography on Poly(U)-Sepharose (Pharmacia, Uppsala), was carried out according to . The specific activities of IF preparations ranged from 4 x io 4 to 4 × tot units/mg protein. Amounts of IF are given throughout this paper in research reference units in terms of the National Institute of Health Search Standard Preparation, Code G-°°2-a°a-m; with our IF assay method, the endpoint titre for this preparation was 3oo0, i.e. four times lower than its assigned potency of I2OOO units/ml. Mock IF consisted of medium from uninduced cell cultures processed and purified exactly in the same way as IF.
Reverse transcriptase assay. The assay was performed in a final vol. of IOO #l containing 20 mM-tris-HCl, pH 7"8, 60 mM-NaC1, t mM-MnCl~, 5 mM-dithiothreitol, o'oi5 ~o Nonidet P4o, 5o#g/ml poly(A) (Sigma Chemical Co., St. Louis, Miss.), 5/~g/ml oligo(dT)12_la (Collaborative Research, Waltham, Mass.), 2/~M-TTP, 20 #Ci/ml aH-TTP (Radiochemical Centre, Amersham, U.K.). Samples of clarified supernatants, ranging from 5 #l to 30 #l, with additional medium containing Io % calf serum to a total vol. of 30/A, were added to the reaction mixtures. To rule out artifactual results due to the presence of inhibitors in the fluids, the enzymic activity was derived from the linear portion of the curves.
RIgA extraction from nuclear and cytoplasmic fractions. Pellets of 5 x Io 7 to IO x [o 7 cells were used. Nuclear and cytoplasmic fractions were obtained by subcellular fractionation according to Penman (I969) ; nuclei were found to be free of cytoplasmic residues by phase contrast microscope examination. After digestion with Proteinase K (Colletta et al. 1979) the RNAs were extracted using the phenol/chloroform/isoamyl alcohol technique.
Globin 3H-cDNA-RNA hybridization. Full length 3H-labelled DNA complementary (3H-eDNA) to globin RNA (sp. act. lO T ct/min/#g) was prepared as described (Rossi et al. 1977) . All hybridizations were performed in o.2 M-sodium phosphate buffer, pH 6.8, and 0"5 % SDS, containing Iooo ct/min eDNA and different amounts of RNAs in a final VO1. of 22 #1. Reaction mixtures were sealed in capillary tubes, heated at ioo °C for Io min and incubated for 43 h at 68 °C. The amount of 3H-cDNA hybridized was determined by $1 nuclease (Miles Laboratories, Slough, Bucks, U.K.) digestion, with each sample diluted into 3 ml o.I M-sodium acetate, pH 4"5, t mM-ZnSO4 and io/zg/ml calf thymus DNA (heat denatured, Sigma, St Louis, Miss.). Digestion was carried out for 4o min at 45 °C, and then the trichloroacetic acid-precipitable radioactivity of samples was determined. Background radioactivity (always less than 3 %) was determined by $1 nuclease digestion of an RNA-free hybridization mixture. Glassware was treated with a silane and heated at 180 °C for 3 h. Virus 3H-cDNA-RNA hybridizations. The original Friend virus isolate is the so-called anaemic strain, FLV-A (Friend et al. I979) ; there is another so-called polycythaemic strain, FLV-P, which consists of a helper lymphatic leukaemia virus, LLV, and a defective spleen focus-forming virus, SFFV (Steeves, I975) . The 745 A clone of FLC produces, in the unstimulated state, low amounts of the LLV and no detectable SFFV component (Sherton & Kabat, I976) .
ZH-DNA complementary to the LLV component of the FLV complex was a generous gift of Dr D. Troxler, N.I.H., Bethesda, Md. This probe (sp. act. 2 × Io 7 ct/min//~g) is deprived of SFFV-specific sequences and was prepared by means of the endogenous reverse transcriptase reaction in the presence of 6o #g/ml of actinomycin D and with calf thymus DNA fragments as primer (Troxler & Scolnick, 1978) from LLV grown in rat cells. For this reason maximal hybridizations were of the order of 6o %, as the cDNA may contain sequences which are not present in mouse cells, aH-DNA (sp. act. 2 x io 7 ct/min//zg) complementary to a MuLV genome in AKR cells (the N-tropic virus was grown in mouse Sc-I cells) was kindly provided by Dr N. Tsuchida, Wistar Institute, Philadelphia, Pa. This eDNA was also prepared by random primer and endogenous reaction in the presence of actinomycin D, and is representative of the entire genome since it can protect the 7oS homologous RNA up to 8o% at a cDNA/RNA ratio of 3/I (Dr N. Tsuchida, personal communication).
The RNA from nuclear and cytoplasmic fractions was serially diluted in water and 5 #1 from each diluted sample were mixed with 5/zl of 3H-cDNA (looo ct/min). The annealing buffer in a final vol. of IO #1 was 0.6 M-NaC1, 0"05 M-tris-HCl, pH 7"4, and 0.02 M-EDTA. The mixtures were taken up into disposable capillaries and hybridized at 68 °C for 2o h. The amount of aH-cDNA hybridized was determined by $1 nuclease digestion, as for globin aH-cDNA-RNA hybridization.
The Rot½ value of the hybridization between purified 7oS Rous sarcoma virus RNA and its specific probe is 2 x io -2 mol. s/l, corresponding to an RNA concentration of I'6 × lo -z /zg/ml (Ringold et al. I975) . These values have been assumed to hold true also for the hybridization between the LLV 7oS RNA and its specific probe and, on the basis of such values, the percentages of virus-specific RNA in cellular RNAs have been calculated.
RESULTS

Effects of IF on extracellular virus production and FLV antigens
We first analysed the effects of IF on the release of extracellular virus from unstimulated and DMSO-stimulated FLC and the accumulation of virus antigens in them. Data previously reported by us (Ramoni et al. I977) as well as by others (Krieg et al. 1978) showed that FLC treated with IF release many fewer C-type particles into the supernatant fluids. obtained by reverse transcriptase assay of the supernatant fluids, and reported here, further strengthen this observation. Fig. I shows that reverse transcriptase activity in supernatant fluids of untreated FLC reached a peak at 6o h of cell growth and declined thereafter. In cultures treated with too units/ml of IF, there was an almost complete inhibition of activity at 24 h after seeding, but a slight but reproducible increase at later times. In FLC treated with both DMSO and IF, there was a similar degree of inhibition of reverse transcriptase activity (data not shown).
In the same cells IF treatment led to an approx, fourfold increase in virus antigens in the cytoplasm, as shown by immunofluorescence staining: these results resembled those which we previously reported (Ramoni et al. I977; Dolei et al. I978) .
Effects of IF upon the expression of virus and globin genes in unstimulated FLC
Since a complete block in virus release into the medium was accompanied by an increase in the amount of intracellular virus antigens, it was of interest to determine the steady-state levels of intracellular virus-specific RNAs. These were quantified by hybridizing the RNAs from control and IF-treated FLC with an all-labelled cDNA probe, specific for the LLV component of the FLV complex (see Methods). We correlated the effects of increasing doses of IF on virus gene expression and on two aspects of erythroid differentiation, namely Hb production and globin mRNA accumulation. This correlation was of interest in view of the possible role of virus gene expression in erythroid differentiation in this cell system. As shown in Table I content in the cytoplasm of FLC at 7 2 h of cell growth, whereas increasing amounts of IF brought about a small, but definite increase in both the percentage of Hb-containing cells and the globin mRNA content.
Instead of giving an Rot curve for the globin hybridization in the presence and in the absence of interferon, we present double reciprocal plots of the hybridization against the amounts of RNA added (Fig. 2) . Such plots yield straight lines from which one can interpolate the globin mRNA amount giving 50 % hybridization. Moreover, with this method one can make use of lower amounts of cytoplasmic RNA, since it is not necessary to reach saturation to calculate the globin mRNA concentration. This kind of plot, which obviously can only be used for RNA preparations that reach too % hybridization, has been previously described (Amici et al. 1977) .
We next studied the kinetics of the expression of LLV RNA and globin in FLC treated with loo units/ml of IF, which almost completely inhibit virus release. As shown in Fig.  3(a) , treatment with IF did not affect the growth rate or the final maximum cell number. Under our conditions the expression of LLV-specific sequences in the cytoplasm was dependent on the growth cycle of the cells (Fig. 3 b) . There was an initial increase in the virus RNA concentration up to 24 h in the untreated cells but a decline thereafter, with a value of about o'05o O/o of the total RNA at 96 h. The peak value could be at either 24 or 48 h according to the rate of cell growth and was maximal at the time when cell growth was in the logarithmic phase: it is well known that RNA tumour viruses are produced in higher yields in this phase of cell growth (Sherton et al. ~976) . Between 6 and 48 h after treatment with IF, the amounts of virus RNA were diminished by 3o to 4o % as compared to the untreated cultures, whereas no effect of IF was seen at later times. We also examined the nuclear RNA content of untreated and IF-treated FLC. Our results (data not shown) indicated that the levels of LLV-specific sequences were fivefold lower than those found in the cytoplasm; they seemed not to be significantly affected by IF treatment.
Data in Fig. 3(c) show that the same dose of IF stimulated Hb production in about 15 ~o of the overall cell population. Correspondingly, there was a definite increase in globin mRNA concentration already at 48 h after cell seeding in the presence of IF (Fig. 3 d) , followed by a decline. It must be emphasized that this stimulation of globin synthesis was observed in the absence of any of the known inducers of FLC erythroid differentiation. 
Effects of IF on the expression of virus and globin gene in DMSO-stimulated FLC
The same aspects of erythroid differentiation and virus RNAs were studied in FLC stimulated with DMSO and treated with IF. Virus-specific RNA sequences in DMSOstimulated FLC were analysed with the aid of two different eDNA probes. Fig. 4 shows that, in contrast to what was observed with IF alone (Fig. 3 d) , the combined treatment of FLC with DMSO and IF led to about a fivefold reduced content of cytoplasmic LLVspecific RNA as compared to FLC treated with DMSO only.
We also carried out studies with an altogether different eDNA probe, complementary to the AKR virus genome, which was hybridized in this instance with total cell RNA. The homology between Friend and AKR viruses has been reported to be about 3o to 4 ° % (East et al. I975) . However, the AKR probe may also detect sequences related to endogenous viruses expressed in unstimulated or stimulated FLC (CoUetta et al. 1979) . Our results show that up to about 5o % of the AKR eDNA can be protected by RNA extracted from Friend cells, which is in keeping with the above mentioned features. Moreover, the heterogeneity of the RNA sequences which can be detected by this probe may explain the shallowness of the hybridization curves.
A slight inhibition of AKR virus-specific RNA content was observed in IF-treated FLC and, more markedly so, in the DMSO + IF-treated FLC (Fig. 5) . Table 2 summarizes the results obtained with LLV RNAs in FLC treated with DMSO and those concerning erythroid differentiation in the same cells. Treatment with DMSO increased the content of LLV-related sequences, as already reported (Colletta et al. i979) ; in contrast, combined treatment with DMSO and IF reduced significantly the virus RNA content compared to untreated FLC. On the other hand, erythroid differentiation was enhanced in DMSO-stimulated FLC in the presence of low doses of IF.
DISCUSSION
With Friend leukaemia cells, one can simultaneously investigate the expression of the virus genome and the appearance of specific erythroid markers, under various influences (Harrison, 1977) . In this respect, IF treatment of FLC may prove useful since it may affect expression of the virus and of the globin gene differentially.
It is known that IF treatment of cell systems chronically infected by MuLVs inhibits the production of infectious virions (Friedman, I977) , but its effects on the sequential steps of the intracellular growth of MuLV are as yet not well understood.
In the present paper we have attempted (i) to investigate the effects of IF on the life cycle of FLV by determining cytoplasmic and nuclear levels of virus-specific RNAs, their translation into virus-specific intracellular antigens and the release of virus particles into the cell culture supernatants; (ii) to determine whether IF treatment affects the process of erythroid differentiation, in order to assess the possible involvement of the expression of FLV gene(s) in this process.
Our results demonstrate that in unstimulated FLC, IF treatment reduces almost by IOO % the levels of particles containing reverse transcriptase in supernatant fluids, whereas intracytoplasmic virus antigens are greatly accumulated. Such results are in agreement with those described after IF treatment of other systems producing RNA tumour virus (Friedman, 1977) . They also agree with those reported by Swetly & Ostertag (I974) and by Lieberman et al. (1975) . The former authors used a different Friend cell line and measured the IFinduced inhibition of SFFV release from these cells.
We found that a dose of IOO units/ml of IF results in a decrease of cytoplasmic virus RNA, mainly after 24 to 48 h of cell growth. The same dose is capable of blocking the release of virus particles and of leading to accumulation of virus antigens in the cytoplasm. At later times the levels of virus RNA tend to be similar in IF-treated and in untreated FLC. The differences in virus-specific RNA content between IF-treated and control FLC were maximal during the logarithmic phase of cell growth, during which, as is well known, there is increased production of virus-specific molecules in cells producing RNA tumour viruses (Sherton & Kabat, 1976) . A similar peak of virus production could be visualized by analysing the supernatant fluids of control FLC for reverse transcriptase activity (see Fig. I ): as would be expected, the peak occurred at 60 h after cell seeding, i.e. one day after the maximal virus RNA levels were found. Two explanations can be given for the decrease in virus RNA levels found at early times after treatment with IF. (i) The synthesis of virus-specific RNA may be controlled by IF either directly or through a feed-back type mechanism operating at the level of virus RNA transcription and triggered by the accumulated virus proteins. (ii) The virus RNA may be preferentially degraded by the nucleases which are known to be induced in IF-treated cells (Brown et al. 1976; Kerr et al. I976) . Simultaneous determinations of the rate of synthesis and size of virus-specific RNA on one hand, and of virus proteins on the other, will help to elucidate this point.
Thermal inactivation of IF molecules after 4 days in cell culture may account for the lack of the inhibiting effect of IF upon virus-specific RNA levels at this time. Such a hypothesis is consistent with the finding that there was a similar, although much less marked, reversal of inhibition in term of reverse transcriptase assays after 48 h in culture.
With DMSO-stimulated FLC, i.e. in a system where virus gene expression is stimulated and/or amplified (Pragnell et al. 1977; Colletta et al. I979) , the IF-mediated inhibition of LLV-specific RNA accumulation was more readily apparent even at a time interval (72 h) when IF alone had no apparent effect. The same results were obtained with a probe specific for the AKR virus.
The pattern of nuclear virus-specific RNA was essentially the same in IF-treated and in control FLC. Krieg et al. (I978) , using different FLC lines, reported a slight increase of virus RNAs in the cytoplasm after 48 h of IF treatment. Fan & MacIsaac (1978) also reported a small intracytoplasmic accumulation of Moloney virus-specific RNAs. In contrast, Salzberg et al. 0978), reported no increase of cytoplasmic virus-specific RNA in cells chronically infected by Moloney MuLV during 72 h after the addition of IF.
We also compared the effects of IF on virus gene expression and on two parameters of erythroid differentiation, i.e. Hb production and globin mRNA accumulation, in both unstimulated and DMSO-treated FLC. In unstimulated FLC we came across an interesting observation: doses of IF up to iooo units/ml caused a slight, but definite increase in the percentage of benzidine-positive cells as well as of globin mRNA amounts in the absence of DMSO stimulation. As shown in Table I , both Hb and globin mRNA contents steadily increased along with increasing doses of IF, whereas there were no changes in the LLVspecific RNA levels. Swetly & Ostertag (I974) found no effects of IF upon FLC differentiation. Even though they used amounts of IF comparable with ours, it must be pointed out that their results were obtained with a different Friend cell line which may have a different sensitivity to IF. Lieberman et al. (1975) and Luftig et al. (I977) , using 745 A cells reported a slight increase of erythroid differentiation in DMSO-induced FLC.
The finding that globin mRNA amounts decline after 48 h of cell growth is intriguing. A possible explanation is that IF 'induces' only a small minority of FLC to differentiate. Due to IF inactivation with time, no further FLC induction occurs at later times so that globin mRNA molecules are being diluted out or degraded (globin mRNA half-life = 17"5 h; Bastos et al. I977) .
As for the DMSO-stimulated FLC (see Table 2 ), it is apparent that increasing levels of benzidine-positive cells and of globin mRNA amounts are not related to LLV-specific RNA expression, which instead is markedly reduced.
It would be of interest to ascertain whether a different pattern in virus-specific RNA content could be visualized in IF-treated FLC by employing an SFFV-specific probe (Pragnell et al. 1978) .
